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A regeneratively cooled thrust chamber has been designed and fabricated, consisting of an 
inner TD nickel liner which was spin formed, welded, and machined and an outer shell of 
electroformed nickel. Coolant channels were produced in the outer surface of the inner liner by the 
electric discharge machining process before electroforming the shell. Accessory manifolds and 
piping were attached by welding. Manufacturing processes employed are described. 
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ABSTRACT 






Design evaluations led to the selection of a chamber consisting of an inner liner containing 
coolant flow channels, enclosed with an electroformed outer shell. A spinning procedure for 
forming the forward and aft sections of the chamber liner was developed using stainless steel blanks 
and a series of spinning mandrels for staging the spin form operation. The procedure so developed 
was successfully adapted to shear-spin forming the TD Nickel liner mandated by design evaluation. 
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II. INTRODUCTION 



The designs and analyses performed were specifically for an 8000 lb thrust hydrogen-fluorine 
engine, operating at a chamber pressure of 400 psia, with an oxidizer-to-fuel mixture ratio of 12, 
and having a nozzle expansion area ratio of 60. The chamber characteristic length is a minimum of 
25 inches. 
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Figure 2. Completed Regeneratively Cooled Thrust Chamber 


III. MANUFACTURING OPERATIONS 
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development work such as welding, electrical discharge machining, electro forming and fixturing 
could be accomplished without incurring high material costs such as would result if TD Nickel were 
used for this development effort. 



The TD nickel plate used in this program was produced by the duPont Company. Three plates 
1/4 inch thick by 24 inches wide by 96 inches long were produced. The dimensions of 24 
inches x 96 inches are standard production size of this plate. The thickness of 1/4 inch exceeds 
duPont’s standard for thickness. Only one of the three plates produced was considered to be free of 
discontinuities as determined by the ultrasonic inspection technique. 
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inspection, interstage annealing, and torch heating during spinning using both sound material and 
material known to have discontinuities, two forward chamber sections were successfully spin 
formed. These sections were subsequently welded to the aft sections previously formed, thereby 
providing two completed TD Nickel chamber liners for this program. 
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Figure 3. Locations of Discontinuities in TD Nickel Sheets 









No. 4 (Final Spin Aft Section) 
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Figure 4. Spinning Sequence for Chamber Liner Sections 
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Figure 7. Successfully Spun Forward and Aft Liner Sections 
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Figure 11. Chamber Inner Liner After Welding 
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In the subscale facility described, standard concentrations of nickel sulfamate plating solution 
at various temperatures and current densities were explored. Nickel sulfamate was chosen as the 
plating solution because of its low residual stress in the electrodeposited form as determined by 
literature search and experience with the solution. 




Tooling for Respinning after Welding 
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Figure 12. Liner Resizing and Inside Machining 




Six inch by six inch nickel sheets 0.030 inch thick were electrodeposited on stainless steel 
backup sheets for metallurgical and physical property evaluation. 
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general process checks was anticipated. Therefore, there was a need for restarting the electroforming 
cycle with assurance of good adhesion of electrodeposited nickel upon the previously deposited 
nickel. Evaluation showed that the surface preparation treatment described above was satisfactory 
for restarting if used as noted with deletion of the nitric acid treatment. 



TABLE I 

TYPICAL MECHANICAL PROPERTIES OF 
ELECTROFORMED NICKEL 
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A major problem related to outer shell electroforming was to develop a method for forming a 
bridge across the open coolant passages without changing passage geometry and at the same time 
electroforming the nickel shell on the TD Nickel liner. The most practical approach was to fill the 
grooves with a maskant material capable of conducting a current across its surface to bridge the 
grooves while electroforming the shell. 
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The reduced silver spray approach was chosen as the conductivizing method. It proved to be 
the most effective conductivizer; overspray on land surfaces was readily removed during reverse 



silver approach previously described. 
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Rotating Spindle 



Figure 13. Electro forming of Liner Flanges 
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Problems related to electroforming were pitting, nodular growth, in-process inspection, 
preferential deposition of nickel, machining and grinding to remove defective surfaces and nodules, 
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Figure 15. Nodular Growth During Electroforming of Flanges 



Figure 16 . Auxiliary Anodes and Shields for Preferential Electroform Deposition 
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With the ability to control the electroform buildup as developed and described above, the TD 
nickel chamber liner flanges were successfully electroformed. 



The liner was then scrubbed with a commercial cleaner to a water break free surface. After 
flushing with acetone, the liner was air dried. At this time, initial dimensions of the liner were 
recorded for measurement of the electroformed shell buildup. 
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Reduced silver spray was applied as the conductivizing coating. First the liner was flushed with 
a wetting agent and rinsed with distilled water. While still wet, it was thoroughly sprayed with 
sensitizing solution. After rinsing excess sensitizer with distilled water, the reduced silver (silver 



The chamber was thermally soaked in a water bath at 140 to 150°F for 30 minutes to permit 
plating at higher temperatures and to offset problems due to the expansion of wax in the fluid flow 
channels. This allowed the maskant to expand and relieve itself through the open ports at both ends 
of the liner. 
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Figure 21 shows the chamber after complete electroforming. It is evident in the photograph 
where preferential deposition of the nickel had to be achieved. Surface roughness and the tendency 
toward nodular buildup also is in evidence. Upon completion of electroforming the chamber was 
dimensionally checked to assure that sufficient electroform buildup had been obtained over the 
entire surface of the chamber to allow for final machining to blueprint configuration. 




Figure 20. Electrolyte Spray Agitation for Electroforming 




Figure 21. Thrust Chamber at Completion of Electroforming 





ELECTRICAL DISCHARGE MACHINING 



73 >> Cd CD <D 

(—1 — 4 U -4-J 4 — i 

P CD W) 4-> --H ^ 

^ C P 43 JH 

T-J- ^ *~3 o ^ 

N 3 ! h 2 8 

CO faH ^ ^ 

3 ® 5 H o c 

.i S ° -• o> •§ 

fc - •§ o 5 2 
c22's S3 

c - 1 s £ ^ 

| a ^ g, 5. o 

o 2P 3 O ^ < ~ 

•5 .5 o *n o 52 


w ^ ^ 

C/3 P Ctf 

Cd p 


g 


S 73 ® S 

G O ^ o ^ C 

t3 C 5 Lh +_. 

cd G ^ 73 «4 -h C 

£ ^ clT CD ^ . 2h 

c/3 ^ 03 T3 73 .in Td 

cd *■“* U J - *— i 

£ > g* 60 OJ ^ g 

V h fa *§ ^ >> o 

5 ~ >2 § _ & -2 
+-* Cd Lh 7d 2 > ^ 

x c cd g _ a> 

cS o to 5 .2 ^43 
^ M cd C3 dj 73 ^ 

S P P p? iS (D ^ 

+fa » 2 « o ’S ° 

§ g 03 s I- > cd 

2 O & w O <td 

^ 73 So «-» «* 2 33 


bfi _ 7d 

a o «* 

•s £ .S 3 


^ r-< 75 

bD *o g ‘73 


l-» T i ^ (D 

£ ^ 73 £ 
73 XJ <U ^ 
cd _Q bft 


73 C -73 C O 

. »P <D cd co 

^ 1 i fi » S 

c "s ^ is u -o o 

w p 2 ex, 2 «g ’p 

2 >a « n o a g, 

.5 Q, *J3 P <D ^ 

5 JS far ^ c fa >> 

^ 3 1 ? <2 fa 3 *° 

3 Cd CD *i-H fl) 

O >- 60 — 03 X £ 

v- .3 <2 - c « 

3 ° ^ U « J? +■> 

C tS “ £ 5 3 g“ 

8 1 a | 

^ Q 5 -h fa $3 S fa 

2 2 w x) .fa — ^ 

o a « ^ -s 1 s 


>V j-l CV, 0> r S-H 

2 fa ,r( d w 

g * 2 x . a 

O P M fao 

5 1 5 =3 'S 

O 5 S 13 ts 

L-t ^ g O Cd 
4-» cd O *C fa 
O fa o ^3 cd 
^ fa , o ^ 

« -3 " £ ° 

Q 2 l% M 

> 7d •— i 

73 >* P C 

X ^ i rrt T3 


73 >» — C C 

<g fa cd ^ P 

C/!) Cu ^ f N 

P <D jfa <U ° 

r*] 73 O rjs 

.£ S3 C ^ 

m cd 1 ) +j 

+■» Lh > 

o (D CU 

^ > S « n 

rtl CCd 

^ ^ *" .a s 

73 « h 


O 3 ^ 

S & « ■£ 

4-» 00 ^ .fa 73 

*rt 73 fa w 

“ C -h S) O 

■? 3 g 2 ^ 

.5 o faS M o S 

fa C/3 l; *^J rj-t 

d i: n Cd r 1 ^ 


C 70 cd *-• i-*< VJ 

•P .g 4-3 ^ O CD 

7 3 c/3 i: *^j ^t-j 

u|x> 5 

cd £ P !> rfa 

P ^ -H O 0 

c W _, g ° 3 

g. C 8 <53 ^ +2 7 

^ c ^3 2 I 15 

o o g a 00 p 

•22 -8 5 ^ « « 

•a S § 2 o- Sc 


43 P ^ C -S cd 

o o g a 00 p 

•22 -£ 5 ^ « « 

•a S 5 2 a > 

^ o fa □ c ^ 

Cd O O “ fa <0T3 

o ^ o 

•e * a c 

"S 1* o g g o 

JJ C o ° — 

^ ^ »4 ^ ^ 

c « 3 &•§ ^ 

•1-H ^ ^ 2 - Vy 

« ^ c I s ^ 

P ^ _ P2 -- L-I 


S « « 5 «j h 

£ <S +- o g g 
JJ 2 « « ^ -S 


^ 2 o 


2 g ^ c« 

CL .S ^ tg 

„ M ( u o 


P 3 +-» O 

00 Q 

S >2 13 


CD 

C/3 

CD 

O 

cS 

o 

Ut 


*3 

p 

cP 

CD 

43 

•4-> 

&C 

73 

p 

cd 

00 

cd 

£ 

oo 

CD 

73 

CD 

CD 

73 

+-j 

*P 

o 

45 

+-> 

f— i 

bb 

_p 

p ; 

bfi .; 

H 

c 

cd 

Lh 

73 

<D 

CD 

P 

O 

> 

o 

L-t 

-4—* 

< 

P 

H 

.5 

S-H 

CD 

?— t 

CD 

O 

Lh 

+-> 

O 

(-4 
S— > 

c 

S-H 

p 

2 

cd < 

s— > .; 

CO J 


JJ 

O 

c 

P 

o 

P 

o 


cn 

cd 

o 

o 

'f— » 

+-> 

P 

-+-» 

-4-» 

P 

o 

JO 

o 


73 

(D 

cw 

o 

cd 

y-H 

73 ! 
P i 



cd 

o 

o 


<N 


O 

o 

73 

7^ 


P 

s 

cd ! 


d> 

sis 

faL ^ o 

a> ’M >. 

< S PQ 





aajnoH SujMoqg jessdoa apoapeia eanSij 


98H08 




This evaluation showed that Mentor 28 gave the best combination of cutting rate, surface finish, 
and consistency for electric discharge machining of TD Nickel. Mentor 28 is a dielectric coolant, 
transformer type oil with an API gravity at 60° of 39.6. The flash temperature COC is 275° F with a 
pour point of 25°F. The viscosity at 100°F is 41 and the dielectric strength is 275 VPM at 0.010 
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Various facets of the electrical discharge machining procedure are illustrated in Figures 32 
through 35. Upon successful completion of the electrical discharge machining, shown in Figure 36, 
and final chamber measurements, the chamber was prepared for electroforming of the outer shell. 
Electroforming was accomplished as previously described in this report. 
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Figure 36. TD Nickel Liner Complete with Channels 
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Figure 42. Chamber Drilled and Tapped for Instrumentation 





Figure 43. Final Weld Buildup of Chamber 
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To meet all drawing requirements for chamber centerline parallelism and aft flange 
perpendicularity, a locating fixture was fabricated and used to hold the coolant inlet assembly for 
the tacking and welding operation. Alignment of all manifold members and inlet and outlet flanges 
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The first test was for leaks in the instrumentation holes. All holes were sealed with plastic tape 
and 1 /4 inch stainless steel pipe plugs. The front outlet was sealed by a pressure plate bolted to the 
outlet flange. The inlet manifold was connected to a test instrumentation stand, and the unit was 
pressurized to 100 psi using nitrogen gas. This test was successfully completed with no leaks. 
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In the manner described above the extreme edges of the liner bulge were accurately located on 
the outside of the chamber. The tracing of the bulge perimeter made on the transparent paper was 
then placed on the outside surface of the shell within the transferred lines. The traced outline of the 
bulge was then transferred to the outer shell with closely spaced punch marks made with a center 
punch and hammer. 
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Figure 49. Chamber Shell Removed from Liner Bulge 
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Picatinny Arsenal I. Forsten 

Dover, New Jersey 07801 
Attn: Library 
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Battelle Memorial Institute 
505 King Avenue 
Columbus, Ohio 43201 
Attn: Report Library, Room 6 A 


Beech Aircraft Corporation Douglas Pope 

Boulder Facility 
Box 631 

Boulder, Colorado 
Attn: Library 
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Orlando Division J- Fern 

Martin-Marietta Corporation 

Box 5827 

Orlando, Florida 

Attn: Library 
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